In this study, Hypermesh and Catia V5 software were adopted for finite element analysis (FEA) of a vehicle B-pillar. The design objectives were to optimise the B-Pillar such that the maximum displacement, weight, and maximum stress value of B-Pillar is minimised without compromising its yield strength and impact resistant properties. This is significant for the improvement of a vehicle's crashworthiness and ensuring the safety of passenger(s) during road accidents. This study initially analysed a given B-pillar design after being subjected to an even force of 140kN. The result produced von Mises stress of 1646MPa and deflection of 5.9mm. To ensure that EuroCAP directives were met, the BPillar was reinforced by adding extra steel plates to its inner surface and applying seam welding to ascertain their fusion and analysed using the same force of 140kN. Analysis of the reinforced B-Pillar design produced maximum von Mises stress of 673MPa with a maximum displacement value of 2.39mm. The optimised B-Pillar design was reinforced with 1.7kg steel plate with the overall mass of the B-Pillar amounting to 4.2kg of the total design compared to the original B-Pillar which had a total mass of 6kg. The optimised BPillar possessed less weight beside capable of resisting a force of 140kN with von Mises stress and displacement rate lower than the original B-Pillar. Thus, this indicates improvement in the tensile strength, stiffness, and impact resistant behaviour against collision forces by acting sideward on vehicles during road accidents. This can save such vehicles and passengers from severe damage that may result in loss of lives and properties. Hence, B-Pillar must be designed following the existing standards and tested before installation on vehicles to avoid unforeseen catastrophes.
INTRODUCTION
Structural optimisation is very important in engineering designs. It is an important tool used to remove unnecessary features and improve the function of a component or system. The main objective of this study is to analyse the structural capacity of a B-Pillar design used in automobiles. The result will be an optimised model that meets EuroCAP directives. The B-pillar is an essential load-carrying element in any automobile framework. It functions as a primary supporting structure for the roof. It is characterised by a thin-walled, seam-welded, closed-sectioned structure made from high strength steels [1] [2] [3] . B-pillar is the most forward pillar on each side of a vehicle that is in whole or part, rearward of a transverse vertical plane passing through the seating reference point of the driver's seat [4] . B-Pillar is the pillar presents on both sides of a given vehicle between the rear and front doors. The B-Pillar mounted on a vehicle for latching of the front doors and installing hinges for the rear doors is a steel structure welded firmly on one end to the rocker panel and floor pan at the bottom of a vehicle while the other to the roof rail for rigidity and support to the roof panel [5] [6] [7] . Due to the number of standard requirements to satisfy optimum performance against crushing of the roof, B-pillar has become an important part of car designs. Therefore, it has become an important aspect of the engineering design process for modern day cars.
Its importance to occupant safety makes the B-pillar an essential component in the crashworthiness of vehicle side impact. However, this necessitates the complex nature of a B-pillar design with respect to high impact resistance against unforeseen side collision of vehicles. The position of the B-pillar in a vehicle makes it very important in the provision of high impact resistance and safety to vehicle occupants in crash events that involve side impact [8] . The maximum stress exhibited by high impact structural members (such as the B-Pillar) after deformation is of great importance, as it helps to predict whether the material has exceeded its yield limit or not. This is usually achieved by conducting a pole side impact test (known as Advanced Euro Mobile Deformable Barrier-AEMDB) or virtual test [6, 9] . However, strengthening or reinforcing structural members is more advantageous than substituting with new or redesigned members as sufficient resistance against external load can be achieved [10] . Figure 1 shows a typical car model with B-Pillar installed on both sides. Accidents involving side impact may result in severe injuries to the vehicle occupants, particularly when drivers exceed the required speed limit in populated areas or highways. Most side impacts can be classified into two types; car-to-broad-object and car-to-narrow-object. B-Pillars are often designed to withstand side impact forces and still remain elastic after the impact has occurred [12, 13] . Examples of narrow objects involved in side impacts are trees, poles, lamp posts, and barrier tubes [14] . Road accident in recent times has become a global problem that claims millions of lives of road users annually, where an average of 3,500 people sustain severe damages and loss of lives daily [15] . Existing studies have shown that one out of five road accidents involves side collision which accounts for 75% of injuries sustained by vehicle occupant [16] . This is often caused by ignorance on the path of manufactures to pay specific attention to existing standards on the crash worthiness of vehicle side impact which majorly depends on design integrity of the B-Pillar. This problem necessitated the optimisation (by reinforcement) of a B-Pillar such that its performance is not compromised while the stiffness, strength, and impact resistance of the pillar are increased with no further increase to the B-Pillar overall weight which may be disadvantageous in terms of the vehicle fuel consumption rate. Crash impact analysis usually unravels the effects of linear static forces acting on vehicular structures in terms of energy absorption and deformation upon low and high-velocity impacts [17] . In certain case, reinforcing the B-Pillar becomes necessary for effective attenuation of impact forces during crash scenarios. This is in accordance with the federal motor vehicle safety standards (FMVSS) and regulations (standard number 214) to protect vehicle occupants from severe harm during road accidents [13] . This standard specifies performance requirements for protection of occupants in impact crashes.
The purpose of this standard is to reduce the risk of serious and fatal injury to occupants of passenger cars, multipurpose passenger vehicles, trucks, and buses. The analysis in this study was carried out from the understanding of the worst-case scenario in which the B-Pillar after side impact is subjected to bending, buckling, and possible breakage depending on the severity of the impact. A force of 140kN evenly distributed across the B-Pillar was considered. The crash impact can be analysed using HyperWorks, FEA software or software add-in software for FEA in CATIA as well as ANSYS. The analysis was done using the best mesh size in order to increase the accuracy of the results obtained. From this analysis, a suitable understanding of the optimised design was then deduced indicating which areas are the most important for the structure and which parts can be simplified, allowing for several design recommendations to be made.
METHODS AND MATERIALS
Linear static analysis of the B-pillar design was initially carried out on a B-Pillar of 1.4mm thickness using HYPERMESH and Catia V5. The same B-Pillar was reinforced with a thin plate of 2mm to follow the 'C' section similar to the B-pillar inner surface and reanalysed. Identical loading and contact conditions were applied with deviations in the boundary conditions. The B-pillar design was constrained to provide a more rigid boundary condition. Instead of constraining the top and bottom edges, the extended faces were clamped to restrict movement in all six degrees of freedom and seam welded to the B-pillar inner cavity. The following steps were adopted to achieve the objectives of this study. The B-pillar was meshed using different sized elements and the best mesh was selected. Maximum displacement and Von Mises stress values were noted for each mesh size. Graphs of maximum displacement vs mesh size and Von Mises stress against mesh size were generated. 2-D and 3D mesh sizes were used to represent the elements. The distributed load of 140KN was applied on the face of the B-pillar as instructed in Ydirection of vehicle coordinating system. Seam weld joints were created between edges of reinforcement and the inner surface of redesigned B-pillar. Surface contact conditions were defined between the inner surface of B-pillar and outer surface reinforcement touching the B-pillar.A factor of safety of 1.25 was considered for designing. Material thickness of 2mm was assigned to reinforcement and 1.4mm thickness was assigned to B-pillar.
B-PILLAR DESIGN ANALYSIS
The B-pillar was analysed by applying a force of 140kN evenly across its outer surface. The loaded structure was constrained on both the lower and upper surface. However, the constraints may not fully represent the exact life scenarios as the surfaces welded to the car body is an extended surface from the top and bottom. The scenario was assumed because of the close proximities of the stress values from the analysis of the real-life scenario and the assumed test setup. Nevertheless, this may have decreased the precision of the analysis on the B-Pillar by 15% whopping or less. These constraints positioned the model in all the six degrees of freedom. Initial FEA of the original B-Pillar and assumed test setup are presented in Figure 2 . The analysis was carried out with HYPERMESH, and H3D plots of displacement, as well as von Mises stress, were produced. The maximum displacement was 5.9mm while the maximum stress was 1646MPa as shown in Figure 2 . The stress plot in CATIA FEA analyser produced the maximum stress that occurred along the edges of the constraints. However, the HYPERMESH solver showed stress concentrations on the edges as well as the centre of the B-Pillar. In actual vehicles, the B-pillar displacements are higher in real life than that obtainable in the assumed load case. The relationship between the stress and displacement is direct, as such lower stress will produce a lower displacement. The assumed load case is shown in Figure 3 . The computer programmes used for FEA apply numerical methods in the estimation of the various mechanical properties of engineering designs that can withstand a set of loads [18] [19] [20] [21] . Engineers are able to substitute physical testing with FEA solutions which have a direct effect on time and economics of engineering analysis, design, and design standardisations. Companies now perform cheaper, faster, and sophisticated researches as well as design effortlessly. Linear FEA has helped to solve real-life problems for many years while the expansions in engineering practices ensure that more sophisticated tools like non-linear systems are developed [22] . Linear systems do not account for plastic deformation in engineering systems, although it is possible in nonlinear systems. Non-Linear systems can often be used for material testing where the behaviour all the way to failure is to be examined. A mesh was formed by a system of nodes [23, 24] . The FEA solvers utilise a system of nodes in generating meshes on any model that would be analysed. The number of nodes dividing a model defines the type of generated mesh. The meshes were expected to retain the properties of the model that affected the reaction of the model to a system of forces. There are two categories of meshes namely, 2D and 3D meshes, which each has various types. 3D meshes apply 3D properties and shapes on the model and produce relatively accurate results but the major disadvantage of this type of mesh is high computation time. 2D meshes are easier to create compared to 3D meshes as it applies 2D elements/shapes in generating the model to enhance the results and computation time. It is often very advisable to apply the same size of the mesh in generating a model to reduce stress concentrations. Appropriate mesh size will ensure accurate result at a relatively smaller computing time. Mesh convergence study applied in this analysis helped to produce the curves shown in Figures 4 and 5 . The curves suggest a mesh of 10mm size which will produce accurate results for stress and displacement. 
Design Considerations
This relates to the critical or highly required functional elements of a component being evaluated. Oftentimes, the efficiency of the component depends upon these elements which must be defined appropriately to avoid unforeseen failure events, downtime, and damages in terms of loss of lives and properties while giving the guarantee of safe operation. In this case, crashworthiness of the B-Pillar is one of the functional elements that depend highly on the material properties such as the modulus of elasticity, tensile strength, and yield strength in order to offer the required resistance against the effects of severe forces acting on the B-Pillar.
Moment of Inertia
The moment of inertia was used to measure an object's resistance to variations in its rotation. It depends majorly on the axis of reference where the centroid passes. The second moment of area and acting forces determine the deflection of any beam under a system of forces. The analysis for a moment of inertia of the reinforced B-pillar is shown in Figure 6 . For the B-Pillar reinforcement, the bending moment is often reduced or the moment of the area increased.
Euro NCAP and Directive Standards
The requirements for the European New Car Assessment Programme (Euro NCAP) standards stated that vehicles must pass safety requirement prior to being marketed. The safety requirements, as well as techniques for such tests, are set out by 500 X 1500mm impact requirements at a speed of 50km/h on the side of a car where the B-Pillar is located. It is specified by Euro NCAP that the static displacement of the car must be 340± 20mm, speed of 50km/h, dynamic peak displacement of 346± 20mm, and total weight of 1300± 20kg with total energy absorption of 61±5kJ for the movable barrier [8, 12] . In this report, the 140kN force was used to analyse the B-Pillar for crashworthiness. In the B-Pillar design, the material used for the outer surface and reinforcement differed in strength. The design parameters for the B-pillar analysis conducted in this report are given in Table 1 , while the material specification for the B-pillar design is shown in Table 2 . Other than the side impact, B-Pillars are designed to resist roof crushing in rollover accidents. The various parts of the B-Pillar must allow seam welding. This limited the first design idea in this paper. Crashworthiness Crashworthiness can be defined as the ability of a vehicle and its structural components to protect its occupants in the event of a crash. The nature of the crash and operational category or type of the vehicle plays a very crucial role in determining the crashworthiness of the vehicle [8, 13] . Before actual vehicle prototypes are subjected to crash tests, the vehicle design and design of all its structural components are analysed through computers and finite element methods. The results of this analysis serves as a guide for designing all other components. B-pillar in any vehicle is primarily subjected to side impacts and roof crush test in the case of vehicle rollover and any car that fails the test is not qualified to be sold. To ascertain the crashworthiness of a vehicle side impact, AE-MDB recommended the following side impact test requirements: i. Movable barrier total energy absorption: 61±5kJ ii. Total speed: 50km/h iii. Dynamic peak displacement: 346± 20mm iv.
Total weight: 1300± 20kg v. Static displacement of car: 340± 20mm The B-pillars must be designed considering these aforementioned standard requirements. 
Von Mises Stress and Factor of Safety
Von Mises stress is the design criterion used in ductile materials to analyse failure. It helps verify how a design performs under a system of forces. It predicts whether failure will set in or not. If at any point in the model, von Mises stress induced in a material is higher than the yield strength of the material in the design, failure occurs. Details of the material used in the design of the B-Pillar are shown in Table 2 . The factor of safety (FS) for this report may be determined based on the material property or the load safety factor. This can be determined as shown in Eq. (1) 
The B-pillar can be modelled as point load with the maximum deflection given as:
where E = Young's modulus, P = load, I = second moment of area, and l = length of the Bpillar.
Applying Eq. (3) to the theoretical calculation gave a maximum deflection of 4.04 m, approximately equal to 4040 mm. However, the value was too high and cannot be used in the design. For uniformly distributed load which is usually the case in collisions involving side impact of a vehicle, the deflection can be expressed as Eq. (4). 
The design load, however, defines the working load that any design is expected to withstand in its full operation. The factor of safety is the ratio of failure load to the design load. It can as well be the ratio of yield stress to the allowable/design stress. To estimate the possible factor of safety for materials, the ratio of tensile strength to yield strength was taken. For both materials in Table 2 , the ratio of tensile strength to yield strength gave 1.25 and 1.13. To design the B-Pillar, the ratio of yield strength to tensile strength for the B-Pillar outer material was used. Applying the factor of safety to the yield strength of 800MPa reduced the allowable stress to 640MPa. The design was therefore done to ensure the von Mises stress within 640 MPa range.
Elastic Region and Ultimate Tensile Strength
The ultimate load defines the value of load at which a system fails and this depends upon the ultimate tensile strength of the material [25] given as in Eq. (9). =
where = Applied load at the point of failure and = Original cross sectional area of the B-pillar.
This may be considered in cases where the B-pillar is in tension due to the crash impact on the vehicle. Under this condition, the load (P) is considered as stress by calculation and Ao which is the original area of the B-pillar is given as in Eq. (10) . The elastic limit or yield point is the point at which a material deforms plastically under a system of forces. This point is defined by the yield strength of the material. It is the maximum stress within a system that causes the material to undergo plastic deformation.
The deformation of a material takes an elastic form before it reaches its yield point. In this form the body returns to its initial condition when the forces are relaxed [26] . Plastic deformation which takes place when a material exceeds its yield point defines a permanent or non-reversible deformation. From an energy absorption point of view, crashworthiness of a vehicular structure like the B-Pillar may not be omitted in designing a vehicle since it is essential to reduce the number of casualties resulting from an impact event, enhancing crash energy absorption and minimising deformation of the vehicle structure in post-collision [27, 28] . Oftentimes, specific absorption energy of a material can be used to estimate the specific amount of energy can be absorbed by the B-Pillar when acted upon by external force and this may be given by Eq. (11).
where is the energy absorbed by the B-Pillar, A is the cross-sectional of the B-Pillar, F is the applied force and is the thickness of the B-Pillar. In the crash events where the B-Pillar is extremely damaged and occupants sustain head injured [1] , the head injury criterion (HIC) is calculated using Eq. (12) .
For the B-pillar, stresses do not act in the same direction. As a result of that, yield strength cannot be used as the determining factor as it is a unidirectional property although many theories have been proposed to simplify the case. The von Mises stress helps in predicting the yielding of a material when subjected to complex loading conditions. Applying the von Mises theory, the parts that have equal distortion energy will experience the same stress. The yielding criteria for von Mises stress can be expressed by the yield stress relationship in Eq. (13). 
where, σ x , σ y , σ z = principal stresses in the corresponding direction, τ xy , τ xz , τ yz = shear stresses in corresponding planes, and σ Y = yield stress. Instead of stress and strain, von Mises includes the principal stresses on its axis. Von Mises is denoted in Eq. (14) [29].
Existing B-Pillar Designs Considering the existing B-Pillar designs shown in Figures 7-9 , a number of salient points can be studied to aid the design in this case. The cogent suggestions from the previous designs of B-pillars include: i. The ends of the B-pillar should be thicker than the middle sections. ii. Smooth edges rather than sharp counterparts help limit stress concentrations. iii. The highest factor of safety from considering all materials involved in the design should be used in the computation. For safety purposes, the B-Pillar should help protect drivers from risks in the occurrence of side impact scenarios. As such, safety regulations must be met. The FMVV 105 standard and EuroCAP regulations set out the criteria that a typical B-Pillar design must meet. The designs in Figure 7 -9 use reinforcements such that the B-Pillar has varying thicknesses at various locations in the design. This was done to enhance the moment of inertia. The design is sometimes influenced by material properties and manufacturing processes. However, the cross-section of the structure has a role to play in both factors and oftentimes becomes the maximised or minimised function in B-Pillar design. This is done around the critical areas predetermined by the initial load case analysis. Table 3 The outer B-Pillar surface remained the same throughout the design process. The reinforcement has similar physical properties to the outer surface of the B-pillar. The seam weld was used in joining the reinforcements with the outer surface. As shown earlier in Figures 6 , the optimised B-Pillar design, however, had a mass of 4.271 kg with the reinforcements making up about 1.716 kg of the total design compared to the original BPillar which had a mass of 6 kg. The second moment of inertia of the final design was 1.929e-5 m 4 . In the first design, the use of spot welding made it difficult to produce the design. Some of the designs that failed in the process are shown in Appendix 1. After necessary adjustment, the design was done such that the factor of safety was within range, the structure remained within its elastic region throughout the test, and the maximum stress was around 673 MPa. The final B-pillar design with reinforcement is shown in Figure 10 (a), while the load case on final B-pillar design with reinforcement is shown in Figure 10 The optimised design had four (4) reinforced layers replicating the original BPillar. The four reinforcements also have different thicknesses. The thickness depends on the nature of the stresses obtained from the initial analysis. Further modifications on the design can be obtained from running an optimisation procedure for the B-Pillar on any solver. As shown in Figure 11 (a), the maximum von Mises stress obtained for the optimised B-Pillar design was 673 MPa, quite lower than the maximum von Mises stress of 1646 MPa obtained for the original B-Pillar analysis. As shown in Figure 11(b) , the maximum displacement obtained from the optimised B-Pillar analysis was low (2.39 mm) compared to displacement value (5.9mm) for the original B-Pillar. Applying a force of 140 kN, the B-Pillar produced resultant forces and moments along the x, y, and z directions as follows; Fx = -3.013e-007 N, Fy = 1.400e+005 N, Fz = -1.555e-007 N, Mx = -7.646e+004 Nxm, My = -1.285e-006 Nxm and Mz = -1.425e+003 Nxm. Ikpe et al. [31] proposed four (4) B-Pillar conceptual designs and the selected design had a maximum von Mises stress of 3.81e+003 MPa, the weight of 5.73 kg, and maximum displacement of 13.8 mm which are comparably higher than the values obtained for similar parameters in this study. Using virtual test to optimise a B-Pillar by changing the B-Pillar material and thickness, Qiao and Shi [5] found out that increasing the material thickness was not an ideal approach but changing the material from steel to aluminium alloy greatly improved the crashworthiness of the B-Pillar. However, studies conducted by Parrish et al. [32] revealed that magnesium alloy can be optimised to improve crashworthiness characteristics with over 50% weight reduction in the redesign part. Contrarily, Lilehkoohi et al. [33] in their investigation proposed AISI1006 carbon steel for B-Pillar crash impact test but this may compromise the lightweight requirement due to its density which may contribute to fuel consumption rate of a given vehicle.
RESULTS AND DISCUSSION
In all iterations, it was observed that the von Mises stress value was higher at the fillets. Since the given B-pillar design was Class 'A' surface, no changes were made to its geometry. However, modifying the filleted regions can possibly give better stress dissipation characteristics to the B-pillar assembly. Using lightweight materials can improve the vehicle fuel efficiency but could also compromise the strength of the B-pillar depending on the mechanical properties of the material and this could be reanalysed further.
CONCLUSIONS
Further developments can be carried out on the B-Pillar. However, this may require the use of optimisation technique rather than taking more iteration. The optimisation procedure will help ascertain points where reinforcements can be added as well as suggest places on the B-Pillar where materials can be removed. The whole process of iterating designs requires plenty of time. The optimisation technique will determine the load paths and this helps define the amount of material that should be at different locations within the design. The maximum stress on the B-Pillar was 673MPa and this was close to that required for the 1.25 factor of safety. One paramount limitation in the FEA solver was the ability to modify the meshes easily. This reduced the accuracy of the solutions obtained as they are highly dependent on the mesh quality. A possible error in the solution may also have resulted from accumulated approximations during the course of the numerical computations.
APPENDICES

